Variation in life history strategies is a fundamental question in evolutionary biology, and the cooccurrence of annual and perennial habits in Castilleja and Castillejinae provides the opportunity to study the evolution of plant life history in a phylogenetic context. Molecular phylogenetic analysis of two chloroplast ( rps16 and trnL/F ) and two nuclear ribosomal (internal and external transcribed spacers) DNA regions support the monophyly of subtribe Castillejinae (Orobanchaceae Oncorhynchus (16 spp.) , Cordylanthus , Orthocarpus , and Triphysaria . This suggests that the perennial habit evolved a single time from an annual ancestral lineage that persisted throughout the diversifi cation of Castillejinae, contrary to classical interpretations of life history evolution in plants. Given the prevalence of polyploidy among perennial Castilleja species, perenniality may have played an important role in the origin and establishment of polyploidy in Castilleja .
Species belonging to Castilleja (Orobanchaceae), commonly referred to as the paintbrushes, are some of the most emblematic wildfl owers of western North America. Castilleja consists of ~180 species distributed from coastal dunes to alpine meadows. The large majority of paintbrushes are herbaceous perennials (~160 species), but Castilleja also includes ~20 annual species. In addition to Castilleja , subtribe Castillejinae includes fi ve small genera of annuals: Clevelandia (1 species), Cordylanthus (18 species), Ophiocephalus (1 species), Orthocarpus (9 species), and Triphysaria (5 species). There is an abundance of biosystematic data available for many species (e.g., Heckard, 1968 ; Holmgren, 1970 Holmgren, , 1971 Holmgren, , 1976 Heckard and Chuang, 1977 ; Heckard et al., 1980 ; Chuang and Heckard, 1982 , 1983 , 1992a , 1993 , and Castillejinae have received considerable attention taxonomically (e.g., Chuang and Heckard, 1991 ) . Each of the genera (excluding many species of Castilleja ) have been treated in detail from a morphological, anatomical, and cytogenetic perspective ( Heckard, 1968 ; Chuang and Heckard, 1972 , 1973 , 1975a , b , 1976 Heckard and Chuang, 1977 ; Heckard et al., 1980 ; Chuang and Heckard, 1982 , 1983 , 1986 , 1992a , b , 1993 . Despite this, the lack of a robust phylogenetic hypothesis for the paintbrushes and their relatives precludes the evolutionary study of the fascinating morphological variation and patterns of speciation both within Castilleja and among the genera of Castillejinae.
The cooccurrence of annual and perennial habits in Castilleja and Castillejinae provides the opportunity to study the evolution of plant life history in a phylogenetic context. Variation in life history strategies is a fundamental question in evolutionary biology, and the dichotomy between semelparity -characterized by a single reproductive episode -and iteroparity -characterized by repeated reproductive output -has received considerable attention from a theoretical standpoint ( Young and Augspurger, 1991 ; Stearns, 1992 ) . Perhaps the most common form of semelparity in plants is the annual habit, which is in contrast to the iteroparous life history exhibited by most perennial plants. Most investigations of life history variation in plants have focused on the mathematical modeling of ecological and evolutionary scenarios (e.g., bet-hedging, reproductive effort, demography) for the evolution of semelparity in an iteroparous background (see Young and Augspurger [1991] for a review). However, there have been very few studies that have investigated the evolution of the annual and perennial habits in a phylogenetic context ( Bena et al., 1998 , Conti et al., 1999 , Andreasen and Baldwin, 2001 Verboom et al., 2004 ) . Despite the lack of phylogenetic studies investigating this fundamental trait, there is a widely held opinion among plant evolutionary biologists that annuals are derived from perennial ancestors and that the shift between these two strategies is unidirectional (e.g., Stebbins, 1957 ) .
A robust phylogenetic hypothesis provides a framework in which to explore patterns of phenotypic evolution. In this paper, we focus on the evolution of life history variation in respectively ( Castilleja racemosa , C. cusickii , C. peckiana , Cordylanthus capitatus , Triphysaria fl oribunda , Orthocarpus pachystachyus , Clevelandia beldingii , and Ophiocephalus angustifolius ). Amplifi ed PCR products were purifi ed by precipitation from a 20% polyethylene glycol solution and washed in 70% ethanol prior to sequencing. After repeated attempts, we were unable to obtain any PCR products for some taxa for the rps16 intron, ITS, and ETS DNA regions ( Table 1 ) ; however, all taxa included in this study are represented by at least three of the four DNA regions sequenced.
To ensure accuracy, we sequenced both strands of the cleaned PCR products using the DYEnamic ET Terminator Cycle Sequencing Kit (Amersham Biosciences, Piscataway, New Jersey, USA) on an ABI 377 DNA sequencer (Applied Biosystems, Foster City, California, USA). For the trnL / F region, the internal primers trn-d and trn-e of Taberlet et al. (1991) and trnL-2C and trnL-2F (located just internal to the PCR primers) of Beardsley and Olmstead (2002) were used to improve sequence quality. The rps16 intron was sequenced using the external PCR primers, rps16_F and rps16_2R, and two internal primers, rps16_iF (5 ′ -GGTATGTTGCTGCCATTTTG-3 ′ ) and rps16_iR (5 ′ -CAAAATGGCAGCAACATACC-3 ′ ), designed using Castillejinae sequences as a reference. The ITS region was sequenced using the PCR primers and two internal primers, its2 and its3 ( Baldwin, 1992 ) . The ETS region was sequenced using the 5 ′ ETS-B PCR primer, and the sequencing primer 18S-E ( Baldwin and Markos, 1998 ) , that is slightly internal to the 3 ′ PCR primer. Sequence data were assembled and edited for each region using the program Sequencher (Gene Codes, Ann Arbor, Michigan, USA), and consensus sequences were generated.
Phylogenetic analyses -Sequence alignments for all four gene regions were performed manually using the program Se-Al version 2.0a11 ( Rambaut, 1996 ) . For each region, parsimony-informative gaps were coded as presence/ absence characters using simple gap coding ( Graham et al., 2000 ; Simmons and Ochoterena, 2000 ) . Complex gaps were not included as additional characters in our analyses.
Both the trnL / F and rps16 intron regions are part of the haploid chloroplast genome, and thus, their histories are linked, and there is no a priori reason to not combine the data in one analysis. Likewise, the nrDNA ITS and ETS regions are tightly linked in the rDNA repeat and can, like the chloroplast, be treated as one locus. However, differences in base composition and rates of evolution among loci could result in incongruencies between gene trees produced from different data sets ( Bull et al., 1993 ) . To determine whether the individual data sets are signifi cantly different from random partitions of the combined data, we used the incongruence length difference test (ILD; Farris et al., 1994 ) in the program PAUP* version 4.0b10 ( Swofford, 2002 ) on the combined cpDNA and nrDNA data set. All parsimony uninformative sites were excluded from the partition homogeneity test ( Cunningham, 1997 ) , and 1000 replicates of heuristic searches (each with 10 replicates of stepwise random taxon addition and tree-bisection-reconnection [TBR] branch swapping) were performed.
Parsimony analyses were conducted on each of the four data sets individually, as well as the cpDNA, nrDNA, and combined data sets as implemented in PAUP* ( Swofford, 2002 ) . Heuristic searches were performed with 1000 replicates of stepwise random taxon addition and TBR branch swapping. Maximum likelihood (ML) analyses were performed on the cpDNA, nrDNA, and combined data sets using PAUP* ( Swofford, 2002 ) . The program MODELTEST version 3.6 ( Posada and Crandall, 1998 ) was used to determine the model of sequence evolution best fi t to the data by the hierarchical likelihood ratio test. Sequence parameters were estimated by an iterative approach (e.g., Swofford et al., 1996 ) . First, parameters were estimated from one of the most parsimonious trees. This tree was then used as a starting tree for a heuristic search with nearest neighbor interchange (NNI) branch swapping, and the estimated parameter values fi xed for the search. Parameter values were then estimated from the resulting tree, and the process was repeated. Once the parameter values estimated from the resulting tree stabilized, these values were used for the full ML search. The full ML search was conducted using the fi xed parameter values with 10 replicates of stepwise random taxon addition and TBR branch swapping. Bayesian phylogenetic analyses were conducted using the program MrBayes version 3.1.2 ( Ronquist and Huelsenbeck, 2003 ) on the cpDNA, nrDNA, and combined data sets. Each analysis was conducted using the same models as used for the ML analyses and consisted of two runs of 10 000 000 generations from a random starting tree using the default priors and four Markov chains (using the default heating values) sampled every 100 generations. Convergence of the chains was determined by examining the plot of all parameter values and the -ln L against generation using the program Tracer version 1.3 ( Rambaut and Drummond, 2004 ) . Stationarity was assumed when all parameter values and the -ln L had stabilized. Burn-in trees were then discarded and the remaining trees, Castillejinae, but also consider morphological characteristics that have been important historically for circumscribing taxonomic groups. In addition, we identify diagnostic traits for the major lineages of Castillejinae and discuss systematic implications. We report results based on data from both the chloroplast and nuclear genome. The chloroplast data are from the trnL / F region ( Gielly and Taberlet, 1994 ) and the intron of the ribosomal protein rps16 ( Oxelman et al., 1997 ) . The nuclear genome is represented by nrDNA sequences of the internal transcribed spacer (ITS) and external transcribed spacer (ETS) regions ( Baldwin et al., 1995 ; Baldwin and Markos, 1998 ) . Because hybridization has been suggested to be important in the evolution of Castilleja and relatives, obtaining data from both the chloroplast and nuclear genomes may permit the identifi cation of potential problems in the resulting phylogenetic reconstruction from one or the other source of data.
MATERIALS AND METHODS
Taxon sampling -In total, 76 species of subtribe Castillejinae and three outgroup taxa were used in this study ( Table 1 ) . We follow the subtribe classifi cation of Chuang and Heckard (1991) because it is the most recent and complete reorganization of Castillejinae. The majority of species in the subtribe are represented by the genus Castilleja , in which the taxonomic complexity is extremely challenging. The treatment of Castilleja in preparation for the Flora of North America project (J. M. Egger [WTU] , M. Wetherwax [JEPS] , and D. C. Tank, unpublished manuscript) is based on Chuang and Heckard ' s broad view of the genus. However, J. M. Egger (unpublished data) has tentatively reinstated an infrageneric classifi cation based on detailed fi eld and herbarium observations. Within Castilleja , Egger ' s classifi cation represents the only recent and comprehensive infrageneric work and, therefore, was used here as a guide for sampling. The taxa on which our analyses are based represent all six genera comprising subtribe Castillejinae, as well as three outgroups. Within Castilleja , 46 species representing all fi ve subgenera and 11 of 19 sections were sampled. Efforts were made to include multiple species for most infrageneric groups within Castilleja , except for small or monotypic groups ( Table 1 ) . Given the goals of this study, special attention was given to Castilleja subg. Colacus sect. Oncorhynchus (11 of 16 species sampled), which includes species previously recognized as Orthocarpus ( Chuang and Heckard, 1991 ) . All species of Orthocarpus and Triphysaria were sampled, as well as the two monotypic genera Clevelandia and Ophiocephalus . Cordylanthus is represented by 14 of 18 species, including representatives from all infrageneric groups (sensu Chuang and Heckard, 1973 , 1975a , 1986 . On the basis of previously published molecular systematic studies of Orobanchaceae and Scrophulariaceae s.l. (e.g., Young et al., 1999 ; Olmstead et al., 2001 ; Wolfe et al., 2005 ; Bennett and Mathews, 2006 ; reviewed in Tank et al., 2006 ) , Lamourouxia , Pedicularis , and Seymeria were chosen as outgroups.
Molecular methods -Total genomic DNA was extracted from either silicagel dried tissue, herbarium specimens, or fresh tissue using the modifi ed 2 × CTAB method ( Doyle and Doyle, 1987 ) and purifi ed using QIAquick spincolumns following the protocols of the manufacturer (QIAGEN, Valencia, California, USA).
DNA for sequencing the regions of interest was generated via polymerase chain reaction (PCR) using the trn-c and trn-f primers ( Taberlet et al. 1991 ) for the trnL / F region, rps16_ F and rps16 _2R primers ( Oxelman et al., 1997 ) for the rps16 intron, and its4 and its5 primers ( Baldwin, 1992 ) for the entire ITS region. To amplify a portion of the 3 ′ end of the ETS region, the 5 ′ primer ETS-B ( Beardsley and Olmstead, 2002 ) and the 18S-IGS 3 ′ primer of Baldwin and Markos (1998) were used. For some taxa, we had diffi culty amplifying the trnL / F , rps16 , and ITS regions as one fragment. For these taxa, internal primers were used to amplify the fragments in two parts. For the trnL / F region, the trn-c/trn-d and trn-e/trn-f primer pairs were used to amplify the trnL intron and trnL -trnF spacer, respectively ( Castilleja tenuis , Cordylanthus eremicus subsp. eremicus , C. ramosus , Ophiocephalus angustifolius , Orthocarpus purpureoalbus , and O. imbricatus ). For the rps16 intron, the primer pairs rps16_F/ rps16_iR and rps16_iF/rps16_2R were used to amplify the region in two pieces for one species ( Castilleja racemosa ). The ITS1 and ITS 2 regions were amplifi ed separately for eight taxa using the its5/its2 and its3/its4 primer pairs, Table 1 . Taxa and voucher information for plant material from which DNA was extracted. Classifi cation of the subtribes are based on Chuang and Heckard (1986 , 1992a and their associated parameter values, were saved. To increase the chance of exploring more of tree space and decrease the chance of obtaining stationarity on local optima, we ran two independent analyses for each data set. In addition, for the combined data set both single-model (i.e., where the two data sets, cp-DNA and nrDNA, are modeled by the same parameter values) and partitioned (i.e., two data partitions corresponding to the cpDNA and nrDNA data sets, where each is modeled under different parameter values) analyses were performed. Following Nylander et al. (2004) , Brandley et al. (2005) , and Brown and Lemmon (2007) we used the Bayes factor to choose between the singlemodel and partitioned Bayesian analyses. 2001 ) and has been criticized as too conservative (e.g., Graham et al., 1998 ; Barker and Lutzoni, 2002 ; Darlu and Lecointre, 2002 ) . Furthermore, the trees resulting from separate analyses of the cpDNA and nrDNA data sets are largely consistent ( Figs. 1 and 2 ). When the nrDNA topology was constrained to include the well-supported nodes recovered by phylogenetic analyses of the cpDNA data (i.e., Bayesian PP values ≥ 0.95 and bootstrap values ≥ 70%; see Fig. 1 ), the ShimodairaHasegawa (SH) test indicated that the resulting likelihood values were not signifi cantly different ( P = 0.12). Likewise, when the cpDNA topology was constrained to include the well-supported nodes recovered by analyses of the nrDNA data, the SH test indicated no signifi cant difference between the two topologies ( P = 0.08). Therefore, in the absence of any indication that such an analysis is compromised by confl icting histories in the two genomes, we conducted a combined analysis to take advantage of the greater resolution that the larger data set can provide.
Results of the parsimony analyses for the cpDNA, nrDNA, and combined data are shown in Table 2 , and the resulting strict consensus trees for the cpDNA and nrDNA data are shown in Fig. 1 . For the cpDNA, nrDNA, and combined data, model selection as implemented in the program MODELTEST ( Posada and Crandall, 1998 ) resulted in the GTR+I+ Γ (GTR = general time reversible, I = proportion of invariable sites, Γ = gamma distributed variable sites) model of sequence evolution. The iterative approach taken to estimate parameters for the maximum likelihood (ML) analyses (see Materials and Methods, Phylogenetic analyses ) took three rounds of parameter estimates for each of the three data sets before the parameter values stabilized; the parameter values fi xed for the ML analyses are shown in Table 3 . Maximum likelihood analyses of the cpDNA data resulted in two equally optimal trees that only differ in the placement of one taxon in a clade where there is little or no branch support. The resulting ML trees for each of the data sets (not shown) were congruent in overall topology with those resulting from parsimony and Bayesian analyses. Bayesian analysis of the cpDNA and nrDNA data achieved apparent stationarity after ~1 000 000 generations, however, because this analysis contained long chains (10 000 000 generations) and a high sampling frequency (every 100 generations), a conservative burn-in of 2 000 000 generations was used. The majority rule consensus trees calculated from the posterior distribution (excluding burn-in trees) with mean branch lengths are shown Nonparametric bootstrapping ( Felsenstein, 1985 ) was used to evaluate relative support for particular clades recovered in the phylogenetic analyses. Parsimony bootstrapping was performed with 500 replicates, each with 20 replicates of stepwise random taxon addition and TBR branch swapping with MULTREES off ( DeBry and Olmstead, 2000 ) . Maximum likelihood bootstrapping was performed with 250 replicates, each with three replicates of stepwise random taxon addition and NNI branch swapping. In addition to parsimony and ML bootstrap values, posterior probabilities (PP) resulting from Bayesian phylogenetic analyses were also used to evaluate relative branch support. A majority rule consensus tree showing all compatible partitions from the resulting posterior distribution of tree topologies was used to recover the Bayesian PP values for each clade. The Shimodaira -Hasegawa test (SH; Shimodaira and Hasegawa, 1999 ) , as implemented in PAUP* ( Swofford, 2002 ) , was used to evaluate whether major topological differences between results of the separate cpDNA and nrDNA analyses were signifi cant, as well as to evaluate whether alternative topological hypotheses based on traditional taxonomy were significantly different than the topology resulting from phylogenetic analyses of the combined cpDNA and nrDNA data (100 000 bootstrap replicates using RELL optimization).
RESULTS
Phylogenetic analyses -The two noncoding chloroplast regions, trnL / F and rps16 , aligned unambiguously, although numerous short gaps were introduced. For the trnL / F region, all taxa were included, but Castilleja septentrionalis was missing for the rps16 region (sequences for the other three regions for C. septentrionalis were downloaded from GenBank; Table 1 ). The tightly linked nrDNA ITS and ETS regions were more diffi cult to align, but we were still able to align the majority of both data sets. Regions that could not be unambiguously aligned were excluded from the phylogenetic analyses (positions 258 -265 in the ITS alignment and positions 192 -195 in the ETS alignment). Characteristics of the cpDNA and nrDNA regions sequenced for this study are summarized in Table 2 .
Because of their linked histories, the cpDNA trnL / F and rps16 regions were treated as one locus, and the nrDNA ITS and ETS regions were treated as one locus; therefore, we only present results for the combined cpDNA data and the combined nrDNA data. The partition homogeneity test for cpDNA vs. nrDNA resulted in a signifi cant difference ( P = 0.01); however, this result is not surprising given the conservative nature of the test and the different base composition and sequence divergence values between the two data sets ( Tables 2 and 3 ) . Nevertheless, the partition homogeneity test should not be considered a test of combinability of the data ( Yoder et al., Table 2 . Summary descriptions and parsimony results for sequences included in individual and combined analyses of two chloroplast regions ( trnL / F and rps16 ) and two nuclear ribosomal regions (ITS and ETS) (cpDNA = chloroplast combined, nrDNA = nuclear ribosomal combined). Although model selection indicated that both the cpDNA and nrDNA data sets are best modeled under the same model (GTR+I+ Γ ), results of the partition homogeneity test and ML parameter estimates (e.g., widely differing base compositions and substitution rates between the two data sets; Table 3 ) in Fig. 2 . To avoid the pitfall of achieving apparent stationarity on a local optimum, we ran two independent Bayesian analyses for each data set; in both analyses, all parameters reached stationarity at the same level. The results presented here ( Fig. 2 , Table 4 ) are those of one of the independent runs. Table 3 . Summary of fi xed parameter values used in maximum likelihood analyses for the chloroplast (cpDNA), nuclear ribosomal (nrDNA), and combined data sets.
Data set
Nucleotide frequencies (A, C, G, T) Fig. 1 . Strict consensus trees recovered from parsimony analysis of the nuclear ribosomal DNA data (nrDNA; ITS + ETS) and the chloroplast DNA data (cpDNA; trnL/F + rps16 ). The lineages corresponding to the six genera of Castillejinae, as well as the three subgenera of Cordylanthus , are specifi ed. Numbers along the branches indicate parsimony bootstrap percentages, maximum likelihood (ML) bootstrap percentages, and Bayesian posterior probability (PP) values for the major lineages of Castillejinae, respectively (i.e., parsimony/ML/PP). Branches marked by an asterisk received Bayesian PP values ≥ 0.95 and parsimony and ML bootstrap percentages ≥ 70%.
suggest that the two DNA regions may be more appropriately modeled as two data partitions. In addition, the Bayes factor result from the comparison of the single-model and partitioned analyses provides very strong evidence (i.e., > 10; Kass and Raftery, 1995 ) for the partitioned analysis (Bayes factor = 371.42). Therefore, we have chosen to show the resulting trees from the partitioned analysis only; Figs. 3 and 4 show the majority rule consensus tree from the partitioned Bayesian analysis with PP values and mean branch lengths, respectively. Figures 1 and 2 show comparisons of the phylogenetic analyses of the separate cpDNA and nrDNA data sets. Figure 1 Figure 2 shows a comparison of the Bayesian majority rule consensus trees with mean branch lengths. In all analyses, the monophyly of subtribe Castillejinae as well as the two genera Orthocarpus and Triphysaria was well supported. However, the genus Cordylanthus was biphyletic, forming two wellsupported clades, with one clade corresponding to subg. Cordylanthus and the other comprised of the monotypic subg. Dicranostegia sister to subg. Hemistegia . Results from analyses of the cpDNA data provided moderate support for a sistergroup relationship between Cordylanthus subg. Cordylanthus and the genus Orthocarpus (parsimony bootstrap = 85%; ML bootstrap = 63%; Bayesian PP = 0.95). However, this relationship was not recovered in the nrDNA analyses, in which Or- thocarpus forms a clade with the rest of the subtribe (parsimony bootstrap = 73%; ML bootstrap = 58%; Bayesian PP = 0.86). When the nrDNA topology was constrained to match the cpDNA topology with respect to these lineages (i.e., Cordylanthus subg. Cordylanthus sister to Orthocarpus ), the ShimodairaHasegawa test indicated that the resulting likelihood values were not signifi cantly different ( P = 0.41). Likewise, when the cpDNA topology was constrained to that of the nrDNA analyses, the SH test indicated no signifi cant difference between the two topologies ( P = 0.26). Therefore, the results of the cpDNA and nrDNA analyses are not in strong confl ict with each other. In all analyses, the large genus Castilleja also was paraphyletic with the two monotypic genera Clevelandia and Ophiocephalus nested within Castilleja . Monophyly of Castilleja including Clevelandia and Ophiocephalus ( Castilleja s.l.) was well supported in the analyses of the nrDNA data set (parsimony bootstrap = 98%; ML bootstrap = 86%; Bayesian PP = 1.0), but only weakly supported by the cpDNA data (parsimony bootstrap = 59%; ML bootstrap = 60%; Bayesian PP = 0.60). In contrast, results from both DNA regions provided strong support for the clade comprised of Castilleja s.l. and Triphysaria .
Figures 3 and 4 show the majority rule consensus tree resulting from the partitioned Bayesian analysis of the combined cpDNA and nrDNA data with PP values and mean branch lengths, respectively. This tree was largely congruent with those resulting from the separate analyses of the cpDNA and nrDNA regions ( Figs. 1 and 2 ) with all analytical methods, as well as the parsimony, ML, and single-model Bayesian analyses of the combined data (trees not shown), and represents our best hypothesis for the phylogeny of subtribe Castillejinae. In agreement with the results from the cpDNA data set ( Figs. 1 and 2 ) , Cordylanthus subg. Cordylanthus, and Orthocarpus were resolved as monophyletic and sister to the remainder of the subtribe. However, as a result of the disagreement between the nrDNA and cpDNA data, support for this relationship decreased in the combined analyses relative to the cpDNA results. Within Castilleja s.l., some relationships that were unresolved or poorly supported by the individual analyses were recovered with increased support in the combined analysis. This was most evident with respect to the annual lineages of Castilleja s.l., including Castilleja subg. Colacus sect. Oncorhynchus ( Table 1 , Fig. 5 ) and the monotypic annual genera Clevelandia and Ophiocephalus . In the combined analyses, these taxa were resolved as a basal grade of annual lineages leading to a large clade of perennial Castilleja species ( Figs. 3 and 4 ) . Of these annual lineages, Clevelandia and Ophiocephalus were resolved as the sister group to the perennial Castilleja clade, albeit with low support. Nevertheless, a strongly supported clade including Clevelandia, Ophiocephalus , and the perennial Castilleja species was recovered by all analytical methods (parsimony bootstrap = 81%; ML bootstrap = 99%; Bayesian PP = 1.0). When the topology recovered in the combined analyses ( Figs. 3 and 4 ) was constrained to correspond to traditional taxonomic groups (i.e., monophyly of Castilleja , monophyly of Castilleja sect. Oncorhynchus , and monophyly of Cordylanthus ), the Shimodaira -Hasegawa test indicated that these alternative topologies were signifi cantly less likely ( Table 4 ) .
DISCUSSION
Throughout the history of the subtribe, there has been diffi culty defi ning generic boundaries in Castillejinae. This Yes -a sensu Chuang and Heckard, 1991 these phylogenetic results suggest and identify diagnostic morphological traits ( Fig. 5 ) that will serve as a guide for a taxonomic revision of Castillejinae.
Evolution of perenniality -Among the genera of Castillejinae, perenniality is limited to Castilleja , in which perennial species are the large majority of the approximately 180 species. Although Chuang and Heckard (1991) recognized the unique Castilleja fl oral structure (i.e., elongate upper corolla lip, lower corolla lip reduced to teeth) as a derived morphology in the subtribe, rather than interpreting the evolution of perennial habit as derived, they hypothesized at least fi ve independent origins of annual lineages from a perennial ancestor ( Fig. 6 ) . In their generic realignment, Chuang and Heckard (1991) moved 12 annual species from Orthocarpus (sensu Keck, 1927 ) and the monotypic annual genus Gentrya into their expanded Castilleja , breaking from the tradition of Castilleja as a strictly perennial genus. However, Castilleja sect. Oncorhynchus , Castilleja racemosa , Clevelandia , Ophiocephalus , and Triphysaria were all viewed as annual lineages independently derived from an ancestral perennial lineage ( Cordylanthus and Orthocarpus were left unresolved with respect to the other lineages; Fig. 6 ). This interpretation likely stems from the conventional wisdom that annual taxa are derived from perennial ancestors. Historically, this belief is seated in two lines of evidence. First, morphologists and plant evolutionary biologists have long held that the woody habit, and thus the perennial life history strategy, is the ancestral condition in angiosperms (e.g., Jeffrey, 1916 ; Ames, 1939 ; Stebbins, 1957 ) , and therefore an herbaceous annual would necessarily be derived. Second, the majority of studies investigating the annual habit in plants are devoted to the evolution of the annual habit as a bet-hedging strategy with respect to their perennial relatives in extreme and unpredictable environments. Multiple authors have discussed the origin of desert annuals from perennial ancestors (e.g., Gleason and Cronquist, 1964 ; Johnson, 1968 ; Axelrod, 1979 ) , and this common view may be an extension of some of these ideas. Surprisingly, there have been few studies on the evolution of the annual and perennial habits in a phylogenetic context (e.g., Bena et al., 1998 ; Conti et al., 1999 ; Andreasen and Baldwin, 2001 ; Verboom et al., 2004 ) . diffi culty has been especially evident between Castilleja and Orthocarpus , where numerous species have been shifted between the two genera (e.g., Gray, 1862 ; Watson, 1871 ; Eastwood, 1909 ; Jepson, 1925 ; Keck, 1927 ; Chuang and Heckard, 1991 , 1992b ) . The most recent treatment of Castillejinae, based on extensive morphological study including fl oral morphology, seed and seed-coat morphology, and cytological analyses, led to a major realignment of generic boundaries in the subtribe ( Chuang and Heckard, 1991 ) . In this treatment, Orthocarpus was redefi ned to include only nine annual species, elevating Orthocarpus subg. Triphysaria to genus, and assigning 12 other annual Orthocarpus species to Castilleja ( Chuang and Heckard, 1991 , 1992b ) . They also concluded that the monotypic genus Gentrya did not differ enough from Castilleja to warrant generic status and reassigned it to Castilleja ( C. racemosa ) as the monotypic subg. Gentrya ( Chuang and Heckard, 1991 ) .
In addition to their realignment of generic boundaries within Castillejinae, Chuang and Heckard (1991) proposed an " intuitive phylogeny " depicting relationships among the major lineages of the subtribe ( Fig. 6 ) . A morphological cladistic analysis ( Chuang, 1993 ) with 11 terminal taxa (genera and major infrageneric groups) resulted in a nearly identical topology. They relied on these estimates of phylogenetic relationship to interpret the evolution of some major morphological characters, including the evolution of the annual and perennial life history strategies.
The phylogenetic analyses presented here resulted in a robust hypothesis of phylogeny for the major lineages comprising Castillejinae ( Figs. 3 -5 ) . The nearly complete sampling of the annual groups of Castillejinae (e.g., Castilleja subg. Gentrya , Castilleja sect. Oncorhynchus , Cordylanthus , Orthocarpus , and Triphysaria ), in addition to representative sampling of the perennial Castilleja species, allows us to investigate the evolution of life history strategies and explore the association of annual and perennial life histories with traits associated with them in Castillejinae. Specifi cally, we are interested in the direction of evolutionary change between the annual and perennial life histories in Castilleja . In addition, we discuss in detail the evolution of a number of fl oral characteristics that have been important historically for guiding taxonomic treatments in Castillejinae (e.g., Chuang and Heckard, 1973 , 1975a , 1986 , 1992b . Finally, we discuss systematic implications that These results demonstrate that, contrary to the classical interpretation, the perennial Castilleja clade is derived from a grade of annual taxa including the annual Castilleja species comprising sect. Oncorhynchus ( Fig. 5 ) . A straightforward parsimony reconstruction of life history strategy on our best estimate of Castillejinae phylogeny suggests that the perennial habit evolved a single time from an annual ancestral lineage that persisted throughout the diversifi cation of Castillejinae. Since the evolution of perenniality in Castilleja , there have been some reversions to the annual habit. Castilleja arvensis , C. exilis , and C. racemosa (formerly Gentrya racemosa ) are all annual species sampled in this study that are derived from within the perennial Castilleja clade ( Fig. 5 ) , and the annual sect. Epichroma (fi ve spp., not sampled here) is likely another. However, with the exception of the annual habit, these species are more similar morphologically to other perennial Castilleja species, including their fl oral morphology, which conforms to the derived fl ower structure seen in the perennial Castilleja clade. In addition, the two Baja California endemics, Clevelandia and Ophiocephalus , may be derived from within the perennial clade, although the optimal trees place them as sister to the perennial clade with weak support ( Fig. 3 ) . Therefore, it is likely that Clevelandia and Ophiocephalus retain the ancestral annual habit and are either the sister lineage or successive sister lineages to the perennial Castilleja clade.
Polyploidy is found only in Castilleja , and the large majority of polyploid species are found in the perennial Castilleja clade ( Fig. 4 ) , where the number of polyploid species and intraspecifi c variation in ploidy level is great. Some species are reported to have a single ploidy level (e.g., C. arvensis [ N = 12] , C. pruinosa [ n = 24]), while others have both diploid ( n = 12) and tetraploid ( n = 24) counts reported (e.g., C. chromosa , C. linariifolia , C. tenuifl ora ), and some include multiple ploidy levels (e.g., C. lutescens [ n = 24, 48, 60] , C. miniata [ n = 12, 24, 36, 48, 60] , C. peckiana [ n = 36, 48, 60] , C. septentrionalis [ n = 12, 24, 48] ) ( Heckard, 1968 ; Heckard and Chuang, 1977 ; Spellenberg, 1986 ; Chuang and Heckard, 1993 ; Chambers et al., 1998 ) . Based on chromosome counts from approximately 120 species of Castilleja , it was estimated that, in western North America, more than 50% of the species have polyploid representatives, while in Mexico 25% of the species were estimated to be polyploids ( Chuang and Heckard, 1993 ) . Stebbins (1938 Stebbins ( , 1950 noted an association between herbaceous perennials and the frequency of polyploidy, and these results suggest a link between perenniality and polyploidy in Castilleja . Although these two traits seem to be correlated, the order in which they occur has been debated. Among herbaceous perennials, polyploidy has been associated with taxa that have effective means of vegetative reproduction and, furthermore, that perenniality and vegetative reproduction are the result of polyploidization ( Gustafsson, 1948 ) . Alternatively, it has been suggested that polyploidization is easier in a perennial background, owing to the possibility that perenniality and effective vegetative reproduction may allow the negative effects of polyploidization (e.g., reproductive isolation, meiotic irregularity) to be buffered for several generations ( Stebbins, 1950 ) . Neopolyploids commonly go through a period of reduced fertility, but fertility has been shown to increase rapidly in early generation polyploids ( Ramsey and Schemske, 2002 ) , and the formation of tetraploids through triploid intermediates (triploid bridge) may be facilitated by perenniality ( Ramsey and Schemske, 1998 ) .
In Castilleja (which is primarily outcrossing), it is likely that perenniality has played an important role in the origin and establishment of polyploidy. Because polyploid complexes are common throughout perennial Castilleja ( Heckard, 1968 ; Heckard and Chuang, 1977 ; Chuang and Heckard, 1993 ) , perenniality could be important for the maintenance of spontaneous polyploids in populations from which they otherwise would be reproductively isolated. Reproductive isolation of these individuals could then be alleviated by the spontaneous formation of other individuals of the same ploidy level. Contrary to classical view, the recurrent formation of polyploids is now considered the rule, rather than the exception ( Soltis and Soltis, 1993 ; Soltis et al., 2003 ) . Despite the prevalence of polyploidy among perennial Castilleja species, the lack of resolution of interspecifi c relationships and limited sampling (interspecifi c and intraspecifi c) within this clade prevents any inference as to the importance of polyploidy to speciation, but will be the focus of future research.
In addition, these analyses revealed a marked difference between the amount of sequence divergence (as evidenced by the mean branch length estimates) within each of the annual lineages of Castillejinae and the clade comprising the perennial Castilleja species ( Figs. 2 and 4 ) . Although the amount of inferred sequence divergence from the most recent common ancestor of Castillejinae is roughly equivalent between the perennials and any of the annual lineages, the inferred sequence divergence among species in each terminal clade varies dramatically between annuals and perennials. Given the representative, but incomplete, sampling of perennial Castilleja species, it is clear that the perennial clade has dramatically less divergence among species than the annual clades. This conspicuously lower sequence divergence at both chloroplast and nuclear loci suggests that the diversifi cation of perennial Castilleja species in western North America represents a recent event in the evolution of Castillejinae.
Morphological evolution and systematic implications -The results from molecular phylogenetic analysis of the chloroplast and nuclear ribosomal DNA regions support the monophyly of subtribe Castillejinae. Figure 5 shows a summary of relationships among the major lineages of Castillejinae, their current taxonomic circumscription, and a list of diagnostic morphological traits for each clade. Table 4 provides a summary of morphological characteristics traditionally used to recognize genera in Castillejinae and whether the group was recovered as monophyletic in our analyses. In this section, each genus is discussed with reference to the most recent reorganization of generic boundaries in Castillejinae ( Fig. 6 ; Chuang and Heckard, 1991 ) and the evolution of morphological characteristics important for the recognition of the major lineages recovered (sensu Scotland et al., 2003 ) .
Orthocarpus -Orthocarpus sensu Chuang and Heckard (1992b) represents a well-supported monophyletic group ( Fig.  3 ) . Chuang and Heckard (1991) recognized that Orthocarpus s.l. ( Keck, 1927 ) comprised three distinct groups of species that did not necessarily belong together. Molecular data support this assertion, resolving Orthocarpus s.s. as one of the basal lineages of the subtribe, which is not particularly close to either Triphysaria or sect. Oncorhynchus of Castilleja ( Figs. 1 and 3 ) . The nine species of Orthocarpus can be recognized by the morphology of the lower corolla lip, which is only minutely threetoothed, and their unequally cleft calyx in which the dorsal cleft is cut more deeply than that of the ventral calyx cleft ( Fig. 5 ; see Figs. 2 and 8 in Chuang and Heckard, 1991 ) . Heckard (1968) , (c) Reveal and Spellenberg (1976) , (d) Heckard and Chuang (1977) , (e) Pinkava et al. (1979) , (f) Chuang and Heckard (1982) , (g) Spellenberg (1986) Fig. 4 with the terminal taxon names removed and the current taxonomic circumscription of the major clades and important monotypic lineages, specifi ed. Numbers on branches indicate morphological synapomorphies: unequal anther-sacs, unequally attached; corolla minutely 3-toothed; calyx unequally cleft, with deeper cut adaxially; infl orescence a reduced spike ( < 2 cm), singlefl owered fl orescence, or synfl orescence; tip of the middle lobe of lower corolla lip tightly revolute; androecium reduced to 2 fertile stamens; plants halophytic; terminal stigmatic surface bent backward; middle lobe of lower corolla lip erect; upper corolla lip (beak) open at tip; stigma expanded; hilum terminal,; stamens reduced to 1 anther sac; corolla throat abruptly indented, forming a fold; n = 11; basic chromosome number of x = 12; perennial habit. Two asterisks (**) denote the annual members of the perennial Castilleja clade, C. arvensis and C. exilis , as discussed in the text.
Castillejinae phylogeny suggests that the spathe-like calyx has arisen independently in the two lineages. Chuang and Heckard (1986) , following Pennell (1947) , hypothesized that the origin of the spathe-like calyx of Cordylanthus is an evolutionary modifi cation of the four-lobed calyx found throughout tribe Pedicularideae, where fusion of the two lateral lobes and the deepening of the abaxial cleft is followed by further fusion of the adaxial cleft to produce the one-parted, spathe-like calyx typical of most Cordylanthus species. Two species, Cordylanthus orcuttianus of subg. Dicranostegia and C. capitatus of subg. Cordylanthus , have a deeply cleft calyx, which can be interpreted as the incomplete fusion of the adaxial cleft following the fusion of the lateral calyx lobes and deepening of the abaxial cleft ( Chuang and Heckard, 1975a , 1986 ) . Cordylanthus capitatus is resolved as the sister species to the remainder of Cordylanthus subg. Cordylanthus ( Fig. 3 ) , and in addition to its bifi d calyx, it also has a defi nite tubular base, indicating that the deepening of the abaxial calyx cleft is not complete. Within subg. Cordylanthus , nearly all of the species have a calyx with a ± tubular base and a bifi d tip (sometimes only minutely so). Likewise, within the second Cordylanthus clade, C. orcuttianus (subg. Dicranostegia ) is resolved as the sistergroup to the Cordylanthus subg. Hemistegia clade ( Figs. 1, 3 , and 5 ). Along with its deeply bifi d calyx, C. orcuttianus also has a nearly tubular base ( Chuang and Heckard, 1975a ) . The four species of subg. Hemistegia all have the derived, spathe-like calyx that lacks a tubular base, but is usually minutely cleft at the tip ( Chuang and Heckard, 1973 ) . Given the phylogenetic relationships within the two Cordylanthus clades presented here ( Fig. 3 ) , the evolutionary modifi cation of the calyx hypothesized by Chuang and Heckard (1986) is consistent with the distribution of calyx features within Cordylanthus , but would have occurred two times independently.
The two Cordylanthus clades comprise two additional basal lineages of Castillejinae. Cordylanthus subg. Cordylanthus is resolved as the sister group to Orthocarpus in all analyses of the cpDNA data ( Figs. 1 and 2 ) and the combined Bayesian and parsimony analyses ( Figs. 3 and 4 ) , or as the sister group to the remainder of Castillejinae in analyses of the nrDNA data ( Figs. 1 and 2 ) and the combined ML analysis (tree not shown); however, neither of these relationships were well supported, and there are no apparent morphological synapomorphies for the monophyly of Orthocarpus and Cordylanthus subg. Cordylanthus . Members of subg. Cordylanthus can be recognized by two morphological synapomorphies. First, the architecture of the infl orescence has undergone an evolutionary reduction from the basic spike common throughout the subtribe (and the majority of Orobanchaceae) to single-fl owered fl orescences and the subsequent clustering of these into capitate or spike-like synfl orescences. Members of this clade possess infl orescences that are a reduced spike ( < 2 cm), single-fl owered fl orescences, or capitate or spike-like synfl orescences ( Fig. 5 ; see Fig. 2 in Chuang and Heckard, 1986 ) . The second morphological synapomorphy is a tightly revolute tip of the middle lobe of the lower corolla lip ( Fig. 5 ) .
The second Cordylanthus clade, comprised of the monotypic subg. Dicranostegia and Cordylanthus subg. Hemistegia , was resolved unambiguously as the sister lineage to the remainder of Castillejinae (exclusive of subg. Cordylanthus and Orthocarpus ) in all analyses ( Figs. 1, 3 , and 5 ), although there is no apparent morphological synapomorphy for this more inclusive clade. Throughout Cordylanthus , there has been a tendency toward a reduction of the androecium, putatively correlated with Cordylanthus -Cordylanthus (sensu Chuang and Heckard, 1986 ) was not monophyletic in any phylogenetic analysis ( Table 4 ) , but rather was recovered in two distinct, well-supported clades corresponding to Cordylanthus subg. Cordylanthus and a clade containing the monotypic Cordylanthus subg. Dicranostegia plus Cordylanthus subg. Hemistegia ( Figs. 1, 3 , and 5 ). This result was surprising given that Cordylanthus has been considered one of the most distinctive genera of Castillejinae, due primarily to the presence of a unique calyx which is cleft completely (or nearly so) to the base abaxially and fused adaxially, forming a spathe-like structure that surrounds the corolla ( Chuang and Heckard, 1973 , 1986 ; see Fig. 1 in Chuang and Heckard, 1991 and Fig. 5 in Chuang and Heckard, 1986 ) . However, based on the results presented here, a parsimony reconstruction of this distinctive feature on our best estimate of Chuang and Heckard (1991) . Branches are shaded following Chuang and Heckard ' s interpretation of the evolution of the annual and perennial habits in Castillejinae.
increased specialization in pollination ( Chuang and Heckard, 1986 ). This characteristic is most pronounced in the clade containing Dicranostegia and Hemistegia ( Fig. 5 ) , where the androecium is reduced to two fertile stamens. The majority of the 13 species of subg. Cordylanthus possess four didynamous stamens, each with two anther sacs (the upper, larger anther sac attached medially and the lower, smaller anther sac attached apically, as in most members of Castillejinae; Fig. 5 ). In subg. Cordylanthus , the four fertile stamens of C. nevinii A. Gray and C. laxifl orus A. Gray (neither sampled in this study) have been reduced to only the upper anther sac, and C. capitatus , which is sister to the rest of the clade, has been reduced to only two fertile stamens, each possessing only the upper anther sac ( Chuang and Heckard, 1986 ) . The remaining 10 species of subg. Cordylanthus have undergone no reduction of the androecium. Given the sister-group relationship of C. capitatus and the remainder of subg. Cordylanthus ( Fig. 3 ) , the reduction of the androecium in those three species may represent a synapomorphy for a subgroup or autapomorphies for individual taxa (if C. nevinii , C. laxifl orus , and C. capitatus are not monophyletic). In contrast, a reduced androecium in the clade containing subg. Dicranostegia and subg. Hemistegia can be interpreted as a morphological synapomorphy ( Fig. 5 ) . In the monotypic subg. Dicranostegia , the androecium of C. orcuttianus consists of two fertile stamens (the longer, anterior stamens), each with two anther sacs, while the posterior pair is reduced to fi laments bearing sterile appendages ( Chuang and Heckard, 1975a , 1986 ) . In the sister group of C. orcuttianus , Cordylanthus subg. Hemistegia , three of the four species possess two fertile anterior stamens (with two anther-sacs each) with the posterior pair of stamens reduced to two rudimentary fi laments ( Chuang and Heckard, 1986 ) . The posterior stamens of the fourth species, C. maritimus , each bear one fertile anther sac (rather than just a rudimentary fi lament), and this species is the only exception to the pattern of reduction that unites subg. Dicranostegia and subg. Hemistegia .
Cordylanthus subg. Hemistegia is comprised of a specialized group of species adapted to the coastal and inland saline habitats of western North America ( Chuang and Heckard, 1973 , 1986 ) . The distinctive nature of this group of species has been recognized by numerous authors (e.g., Gray, 1867 ; Ferris, 1918 ; Chuang and Heckard, 1973 ) and has been described as the distinct genus Chloropyron Behr ( Behr, 1855 ) . Subgenus Hemistegia is further distinguished from Cordylanthus subg. Cordylanthus by having the typical infl orescence type found throughout subtribe Castillejinae, an elongate spike with only one fl oral bract associated with each fl ower (in contrast to the synfl orescence described earlier; Chuang and Heckard, 1973 ) . In addition to the halophytic nature of this group, Cordylanthus subg. Hemistegia is marked by the following morphological synapomorphies: (1) the terminal stigmatic surface is bent backward at maturity, and (2) the middle lobe of the lower corolla lip is erect ( Fig. 5 ; Chuang and Heckard, 1973 , 1986 ) .
Triphysaria -The elevation of Orthocarpus subg. Triphysaria (sensu Keck, 1927 ) to generic status (as Triphysaria ) was based on chromosome number, seed and seed-coat morphology, fl oral morphology, and experimental hybridization studies ( Chuang and Heckard, 1991 ) . In the phylogenetic analyses presented here, Triphysaria was recovered as a well-supported lineage ( Figs. 1 and 3 ) and the sister group of Castilleja s.l. The monophyly of Triphysaria and Castilleja s.l. is supported by a number of morphological synapomorphies ( Fig. 5 ) . In both Orthocarpus and Cordylanthus the galea (formed by the fusion of the two petals comprising the upper corolla lip of the zygomorphic corolla) is closed at the tip, being the product of the two fused corolla lobes that are folded downward forming a true galea, or hood ( Chuang and Heckard, 1991 ) . In both Triphysaria and Castilleja s.l. the upper corolla lip is open at the tip, and there is no true galea ( Fig. 5 ; see Figs. 7 -12 in Chuang and Heckard, 1991 ) . Chuang and Heckard (1991) noted that the use of the term galea throughout the Castilleja literature is in error and instead promoted the use of the term beaked to describe this condition. Triphysaria and Castilleja s.l. also share the derived characteristics of an expanded stigma that is either capitate or bilobed ( Fig. 5 ; the stigma is unexpanded in both Cordylanthus and Orthocarpus ) and a terminal attachment of the ovule to the placenta ( Fig. 5 ; Cordylanthus and Orthocarpus both have a lateral hilum).
Morphologically, the species of Triphysaria are very similar to the annual species of Castilleja subg. Colacus sect. Oncorhynchus (also removed from Orthocarpus s.l. by Chuang and pomorphy for the Castilleja s.l. clade, this group is cytologically distinct from the remainder of the subtribe with a basic haploid chromosome number of x = 12 ( Fig. 5 ) .
Clevelandia & Ophiocephalus -Clevelandia and Ophiocephalus have been maintained as distinct genera in Castillejinae despite numerous similarities to Castilleja , including chromosome number ( n = 12), vegetative morphology, seed coat morphology, and the ability to make fertile hybrids in experimental crosses (only Ophiocephalus was tested for cross compatibility; Chuang and Heckard, 1991 ) . Both of these genera possess unique corolla morphologies that formed the primary justifi cation of their status as separate genera ( Chuang and Heckard, 1991 ) . Clevelandia has a small corolla (1 -2 cm) in which the lobes of the upper corolla lip are not fused, and the lower corolla lip has three triangular, spreading lobes that are wider than the upper corolla lobes, forming a slightly zygomorphic corolla ( Greene, 1885 ( Greene, , 1886 . Likewise, the infl ated corolla of Ophiocephalus, with its long, exserted stamens, is only slightly bilabiate; however, the upper corolla lip is fused into a beak, as in Castilleja ( Wiggins, 1933 ) . Field observations of a population of Ophiocephalus angustifolius suggest that the distinct fl oral morphology of this species is likely the result of increased specialization to pollinators (J. M. Egger [WTU] , personal communication), and we postulate the same is true for the unusually small, open corolla of Clevelandia beldingiii .
The sister-group relationship of Clevelandia and Ophiocephalus received a signifi cant Bayesian PP value (0.99) but low ML and parsimony bootstrap support (50% and 41%, respectively) and, therefore, may not represent the true relationship of these two species ( Fig. 3 ) . Based on the combined analyses of the cpDNA and nrDNA data ( Fig. 3 ) , these two annual genera are more closely related to perennial Castilleja than they are to any of the annual species transferred to Castilleja from Orthocarpus (sensu Keck, 1927 ) and may represent the sister lineage (or successive sister lineages) to the perennial Castilleja clade. OncorhynchusChuang and Heckard (1991) were correct in their interpretation that the two former sections of the annual genus Orthocarpus (sects. Castillejoides and Cordylanthoides , sensu Keck, 1927 ) belonged with Castilleja , where they were placed in subg. Colacus sect. Oncorhynchus . However, these annuals form a basal grade within the Castilleja s.l. clade ( Fig. 5 ) , rather than the monophyletic group hypothesized by Chuang and Heckard ( Fig. 6 ; Table 4 ). The majority of the annual species were recovered in two well-supported clades ( Fig. 3 ) , which correspond to the two sections of Keck (1927) ; the clade containing Castilleja lineariloba and C. attenuata is equivalent to sect. Castillejoides (with the exception of Castilleja rubicundula ), while the clade containing C. campestris and C. tenuis is equivalent to sect. Cordylanthoides . Castilleja exserta subsp. exserta (formerly of sect. Castillejoides ) represents an additional independent lineage comprising the grade of annual Castilleja species approaching the remainder of the Castilleja s.l. clade ( Fig. 3 ) .
Castilleja subgenus Colacus section
Perennial Castilleja and subgenus Gentrya -The majority of the Castilleja species sampled here are included in the large perennial Castilleja clade ( Figs. 3 and 5 ) . Because of the lack of resolution with the cpDNA and nrDNA regions used in this study, few conclusions regarding the relationships of perennial Heckard, 1991 ) . However, a number of the characteristics used by Chuang and Heckard (1991) as justifi cation for the elevation of Triphysaria to generic status provide morphological synapomorphies for the genus, given the relationships presented here ( Fig. 5 ) . In all fi ve species of Triphysaria , the stamens are reduced to a single anther sac, whereas the sister group ( Castilleja s.l.) have no such reduction in the androecium. With the exception of the tiny (4 -6 mm) corolla of T. pusilla , the throat of the corolla is abruptly indented, forming a distinct fold below the lower corolla lip, distinguishing Triphysaria morphologically from the annual species of Castilleja sect. Oncorhynchus (see Figs. 9 -11 in Chuang and Heckard, 1991 ) . Lastly, Triphysaria are cytologically unique among members of Castillejinae with a chromosome number of n = 11 ( Fig. 5 ) .
Castilleja -Despite extensive taxonomic study of this iconic group of western North American wildfl owers, infrageneric classifi cation in Castilleja has been diffi cult. Most efforts to classify this group ( Bentham, 1846 ; Gray, 1862 ; Wettstein, 1891 ; Eastwood, 1909 ; Rydberg, 1917 ; Pennell, 1935 Pennell, , 1951 Ownbey, 1959 ; Holmgren, 1970 Holmgren, , 1971 Holmgren, , 1976 Holmgren, , 1984 Nesom, 1992a Nesom, -c , 1994 ) have been ignored largely due to their failure to delimit cohesive units within Castilleja or to their narrow use of small or monotypic infrageneric groups. Chuang and Heckard (1991) proposed a new infrageneric classifi cation for Castilleja including the three subgenera, Castilleja , Colacus , and Gentrya . The majority of Castilleja species were included in subg. Castilleja (~150 mostly perennial species), which includes species with fl owers primarily modifi ed for hummingbird pollination. Subgenus Colacus includes the majority of Castilleja species that have fl owers modifi ed for insect pollination. Colacus includes two sections of perennials that have been assigned historically to Orthocarpus and Castilleja (sects. Pilosae and Pallescentes ) and all of the annual Castilleja species (sect. Oncorhynchus ) previously assigned to Orthocarpus by Keck (1927) . Subgenus Gentrya comprises the single species Castilleja racemosa (= G. racemosa Breedlove & Heckard) .
Castilleja was not monophyletic in any of the separate or combined analyses of the cpDNA and nrDNA regions because the two monotypic annual genera Clevelandia and Ophiocephalus are derived from within the mostly perennial genus Castilleja ( Table 4 ). The clade containing Castilleja , Clevelandia , and Ophiocephalus was recovered by separate and combined analyses of the cpDNA and nrDNA data ( Figs. 1 and 3 ) . The only potential morphological synapomorphy for this clade is the presence of a loose-fi tting seed coat (i.e., the reticulate outer seed coat forms a network that encloses a freely suspended body made up of the inner seed coat, endosperm, and embryo; see Figs. 25 -49 in Chuang and Heckard, 1983 ) . Morphological characteristics of the seed coat have been used extensively for infrageneric classifi cation throughout Castillejinae (e.g., Chuang and Heckard, 1972 , 1983 , 1992b and as one of the major characteristics separating Cordylanthus , Orthocarpus , and Triphysaria from the annual species of Castilleja ( Chuang and Heckard, 1991 ) . However, of the fi ve species of Triphysaria , two species, Triphysaria micrantha and T. eriantha ( Fig. 3 ) , have a loose-fi tting seed coat like Castilleja ( Chuang and Heckard, 1991 ) . Therefore, without knowing the underlying developmental mechanism for this morphological change, whether a tight-fi tting seed coat was a reversal in one lineage of Triphysaria or the loose-fi tting seed coat arose independently in Castilleja and the two species of Triphysaria is equivocal ( Figs. 3  and 5 ). Although there is no unequivocal morphological syna-
